Aims: Nonmotor symptoms (NMS) such as cognitive impairment and impulse-control disorders in Parkinson's disease (PD) remain a therapeutic challenge. Transcranial direct current stimulation (tDCS) has emerged as a promising alternative, although its immediate effects on NMS have been less well defined. In this randomized, shamcontrolled, crossover study, we aimed to explore the single-session tDCS effects on cognitive performance in PD.
| INTRODUC TI ON
Parkinson's disease (PD) is a multisystem neurodegenerative disorder that is increasingly recognized in our aging population. Current therapy mainly involves dopamine replacement which increases the hampered dopamine level in the corticobasal ganglia-thalamocortical loop caused by dopaminergic neuronal loss at the substantia nigra. 1 Albeit being effective for the cardinal motor symptoms including tremor, bradykinesia, and rigidity, these treatments are often stumped by nonmotor symptoms contributed by nondopaminergic mechanisms. 2 Transcranial direct current stimulation is a promising technique that offers noninvasive neuromodulation by delivering a low intensity of electrical current via the scalp. 3 A growing number of studies, albeit with mixed results, have demonstrated the efficacy of anodal tDCS in enhancing cognitive performance, both acutely and in longterm, when applied over the DLPFC in healthy subjects and patients with neuropsychiatric disorders. 4 Limited tDCS studies in PD focused on the prolonged effects of multiple-session, often combined with either cognitive or physical training, on cognition or PIGD. 5, 6 So far only one study explored the immediate effect of single-session tDCS on working memory. 7 The goal of this study was to investigate whether a single session of anodal tDCS over the left DLPFC would enhance cognitive performance in patients with PD.
| MATERIAL S AND ME THODS

| Subjects
A total of 10 idiopathic PD patients (5 men and 5 women), aged 56-78 (mean 62.7 ± 6.6 years), who fulfilled the UK Parkinson's Disease Brain Bank criteria, 8 were recruited for the study (Figure 1 ).
All patients were requested to maintain stable dosages of levodopa and/or dopamine agonists and record medication diaries throughout the study.
Excluding criteria were (a) any known neurological or psychiatric disorders other than PD; (b) a history of head injury; (c) a history of seizure contradicting the use of tDCS; (d) patients who could not tolerate being withdrawn from antiparkinsonian medications for 12 hours; (e) patients with concomitant dementia with Mini-Mental State Examination (MMSE) score less than 26 of 30. The study was approved by the Ethics Committee of the Shin-Kong Wu Ho-Su Memorial Hospital, and all subjects gave their informed consent.
| Study design and experimental protocol
Ten PD subjects attended 2 sessions during which either anodal tDCS or a sham intervention was applied to the left prefrontal cortex ( Figure 1 ). The sessions in each subject were at least 2 weeks apart for a sufficient washout period. The stimulation order (tDCS/ Sham) was counterbalanced across both sessions and blinded to the subject and clinical rater-minimize potential biases. All subjects were requested to hold their antiparkinsonian medications for approximately 12 hours prior to the study. The experiments were conducted in the morning in order to minimize fluctuations in circadian rhythm. During tDCS/sham intervention, we tested two cognitive domains including (a) a visual working memory task and (b) a go/no-go test to assess attention and response inhibition ( Figure 2 ). 
| tDCS
| Clinical assessments
| Visual working memory (VWM)-a change detection task
All subjects were seated at a distance of 80 cm in front of a 15-inch computer screen in a quiet room. Each subject was given 10 trials of practice prior to the real task. A central fixation cross appeared at the beginning of each trial for 200 ms. This was immediately followed by a memory array of 3 different colored squares, randomly assigned in a given trial with no repetitive color in the same array. This memory array was displayed for 100 ms during which participants were asked to remember the colors. Following a 900 ms retention interval, another set of colored squares was presented until a response was given from the participant. They were instructed to identify whether the memory arrays were identical from the previous ones by pressing either the left 
| Go/no-go test
An emotional go/no-go paradigm was used to evaluate response inhibition (impulsivity) of the participants. The task required subjects to press a button as fast as they could but to ensure accuracy when a displayed facial expression matched the preceding cue (Go cues) and to withhold pressing when the expression did not match the cue (Nogo cues). The set of stimuli included five facial expressions (happy, sad, fearful, angry, and neutral) of 10 adults (5 males and 5 females). 10 Each trial began with a central fixation cross that appeared for 500 ms, followed by a randomly assigned cue (one of the five expressions, eg "Happy") presented for 1000 ms, as the Go stimulus such that the remaining expressions (sad, fearful, angry, and neutral in this example) would be the Nogo stimuli. The Go stimuli comprised of 70% of each block to create a tendency for the subjects to respond. The experiment consisted of 240 trials split into 10 randomized blocks with each block covered 24 randomized trials of "Go-Nogo" pairs. Stimulus duration was 1500 ms. The first three blocks were used as practice trials.
| UPDRS-III
At baseline, the motor part of the UPDRS was used to assess the motor severity by an independent neurologist. 8 The motor subscores were calculated from the UPDRS-III: 
| Data analysis
To compare the two conditions (atDCS vs sham) on various outcome measures, the Wilcoxon signed-rank test was used for assessment.
Statistical analyses were performed on IBM ® SPSS ® (version 21), and the level of significance was set at P < .05. 
| RE SULTS
| Cognitive performance
A Wilcoxon signed-ranks test indicates that the ability of detecting change in the VWM task, estimated using d-prime, was not significantly different between anodal tDCS and sham stimulation, P = .80, suggesting that there was no immediate effect on the performance of VWM task with tDCS ( Table 2) .
For the go/no-go test, mean reaction time (RT) showed no significant difference between the two conditions, P = .87. Mean accuracy was around 82% but again no significant difference was found between tDCS and sham stimulation, P = .78 (Table 2 ).
| D ISCUSS I ON
This study compared the cognitive performance of PD after a single session of anodal tDCS versus sham over the left DLPFC. We hypothesized that tDCS intervention at the prefrontal cortices would enhance cognition in PD. In contrast to our speculations and results of previous studies, 7, 12 we found no significant effect of a single-session tDCS compared to sham on visual working memory and inhibitory control, as indexed by the VWM and go/no-go tasks.
| Effects of a single-session tDCS on visual working memory in PD
In healthy subjects, Fregni et al 9 Nevertheless, there are some methodological issues that may worth mentioning. First, Boggio et al 7 utilized a crossover design with memory assessment as the only behavioral task during (online) tDCS or sham intervention. Our study was also crossover designed but we simultaneously assessed two cognitive tasks during (online) intervention. Second, although the memory tasks in both studies were performed online, the previous study evaluated the performance in the last 5 minutes, whereas our memory task was assessed at the beginning of the 20-minute intervention. Notably, Ohn and coworkers found a time-dependent effect of anodal prefrontal tDCS on N-back task whereby effect developed gradually and became reliable only at the end of the 30-minute stimulation period. 15 By contrast, another study demonstrated enhancement of working memory as early as 10 minutes of anodal tDCS. 9 Third, for working memory assessment, the previous study utilized a three-back task, whereas we used a visual change de- impairment in filtering irrelevant information. 16, 17 Tseng and colleagues showed improved visual change detection in low-performing healthy subjects by applying anodal tDCS over the posterior parietal cortex. 18 It may be argued that the neural correlates of visual change detection depend on the parietal cortex, 19 yet other neuroimaging studies also emphasized the role of the frontal cortex in this task. 20, 21 Likewise, whether active stimulation over the posterior parietal cortex or the left DLPFC would offer differential effects to various domains of working memory is still obscure.
However, similar attempts at the left DLPFC have been made for the verbal domain of working memory and were able to induce improvement. 22 Interestingly, neuroimaging studies reported that both n-back test, either verbal or non-verbal, and visual change detection task are associated with similar fronto-parietal involvement, 23 suggesting that similar neural correlates may underlie the mechanistic networks of both memory tasks.
Fourth, our study cohort showed comparable mean age (62.7 ± 6.6 vs 59. colleagues showed that only low performers benefited from tDCS in the visual change detection task while high performers did not, reflecting the possibility of a ceiling effect in this particular task. 18 However, a subanalysis (not shown here) of our subjects showed that neither low nor high performers had significantly different results between tDCS and sham interventions.
Taken together, our results did not support the findings of Boggio et al 7 and suggested that a single session of anodal tDCS may be insufficient to exert robust effect on working memory in PD.
Current understanding of tDCS mechanisms proposes that acute modulation of neuronal resting membrane potential of the motor cortex via a polarity-specific manner may underpin the acute effect of tDCS, whereby anodal and cathodal stimulation promotes neuronal depolarization or hyperpolarization, respectively. 24 On the other hand, the enduring synaptic after-effects of tDCS may share similarities with NMDA-dependent long-term potentiation and longterm depression-like cortical plasticity. 25 In light of these proposed mechanisms, tDCS may be seen as an enhancer of synaptic plasticity.
Repeated tDCS sessions, ideally combining with cognitive training as a learning process, may be necessary to achieve robust cognitive improvement.
| No effect of a single-session tDCS on impulsivity in PD
In addition to memory deficits, cognitive impairment in PD typically involves attention and executive dysfunction. 26 One component of executive function is the ability to inhibit prepotent responses. 27 Deficit in response inhibition, causing motor and behavioral impulsivity, often has negative impact on quality of life in PD. Emerging evidence suggests that prefrontal cholinergic circuits are critical for response inhibition in PD. 28 In addition, patients may exhibit subclinical impairment in recognizing others' facial emotion, leading to biased emotional judgments. 29 Considerable amount of evidence suggests that this facial emotional recognition deficit in PD may be explained by neural changes in a vast network of brain regions implicated in emotional processing and facial recognition-namely the ventrolateral prefrontal cortex, orbitofrontal cortex, striatum, amygdala, fusiform gyrus, and superior temporal sulcus. [30] [31] [32] The go/no-go task is frequently used to measure the ability to inhibit previously learned responses. 33 One such task is the emotional go/no-go task which has been widely used to test emotional processing in both healthy subjects and patients with affective disorders. 34 This modified version of the task showing emotional faces may be considered as an affective set-shifting task, simulating reallife behavioral response toward recognizing emotions from faces. 33 Thus, emotional go/no-go task offers the advantage of simultaneously testing both behavioral inhibition and emotional processing, supporting its role in testing PD cohort with impulsivity and potential emotion recognition bias.
In healthy subjects, a decrease in left DLPFC activity induced by inhibitory rTMS resulted in impairment of the emotional go/no-go task. 35 Attempt has been made with anodal tDCS over the left DLPFC to increase the number of correct responses of the task in patients with major depression. 36 On the other hand, anodal tDCS over the right DLPFC has also been demonstrated to enhance inhibitory control in the stop-signal task, 37 induced by this montage may also reach deeper brain regions such as the orbitofrontal cortex, amygdala, and striatum which are involved in emotional processing. 38 Our result, however, showed no significant difference in accuracy, or location of the returning electrode (contralateral vs. ipsilateral frontopolar region 36 ). It might also reflect distinct fronto-striatal neural mechanisms for impulsivity in PD compared with other study cohorts.
Future studies, using a randomized controlled design, investigating the tDCS dose and montage-dependent effects are needed to elucidate this assumption.
Intriguingly, our cohort of PD subjects seemed to perform quite well in facial emotional recognition, with a median of 88.44% of correct hit rate of the emotional go/no-go task in both active and sham tDCS groups. This may be explained by the absence of concomitant dementia in our subjects. Indeed, recent studies indicate that facial emotional recognition deficit in PD may correlate positively with cognitive impairment. 29 
| CON CLUS ION
Taken together, our findings suggested that a single session of anodal tDCS over the left DLPFC is insufficient to improve working memory and inhibition control in patients with PD. However, with a small sample size, the results of this study should be interpreted with caution. Future studies with repeated tDCS sessions, coupling with cognitive and physical training, may be warranted to achieve sustainable facilitation of neuroplasticity.
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